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Given the l i n e a r  o r i e n t e d  and,  weighted graph of a l i n e a r  a c t i v e  
equ iva len t  network N ,  a c losed  flowgraph can be Renerated.  The 
system of l i n e a r  equatj-ons represented.  by t h e  flowgraph i s  ob ta ined  by 
a t o p o l o g i c a l  method and desc r ibes  f o u r  s e t s  of e q u a t i o n s :  
Kirchhoff vo l tage-  and current- law equa t ions ,  t h e  vo l t age -cu r ren t  
re la t ionship  equat ions  ). and t h e  so-cnlied cent-rol  e q m t i o n s  fo r  t h e  
dependent generat .ors i n  t h e  nettrork. A s o l u t i o n  f o r  ' any  depend-ent . 
v a r i a b l e s  i n  ternis of  t h e  independent gene ra to r -va r i ab le s  can be 
obta ined  by open flowgraph techniques .  
c losed  flowgraph is  most s u i t a b l e .  

t h e  

For computer implementat ion t h e  

Finding network transfer func t ions ,  s e h s i t i v i t y  and t o l e r a n c e  
f u n c t i o n s , c o n s i s t s  of gene ra t ion  znd e v a l u a t i o n  o f  t h e  flowgraph. 
a lgo r i thm i s  p resen ted  , which g e m r a t e s  a c l o s e d  flowgi.iiph from t h e  
l i n e a r  graph of network N 
matrix Am, a n  array G viiich g i v e s  t h e  g a i n s  a s s o c i a t e d  w i t h  

each flowgraph edge, and an  a r r a y  
of t h e  edges i n  t h e  flowgraph. 

An 

i n  ti,c fo?Ll of t h e  flowgraph inc idence  

F 
n 

i n d i c a t i n g  t h e  frequency dependence 

11. 11WBODGCT:TLON 

From network topology it is  known [I: , : 2 ]  , [ 3 ] ,  t h a t  f o r  a l i n e a r .  
a c t i v e  network w i t h  dependent sources  t h e  fo l lowing  equa t ion  can be m i t t e n .  

Bf 

0 -. I Y 0 

Qf 

2 

This  equat ion  expres ses  ir. ciatrix form K i r c h h o f f ' s  v o l t a g e  l a w  (KVL) , 
Kirchhoff '  s c u r r e n t  law (KCL) , t h e  vo l t age -cu r ren t  r e l a t i o n s h i p  (VCR) and 
t h e  c o n t r o l  r e l a t i o n s h i p  ( C R )  equa t ions .  
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Qf Matrix l3, i s  t h e  f indamcntal  c i r c u i t  ( f - c i r c u i t )  ma t r ix  and 

i s  t h e  f - c u t s e t  mat r ix  of t h e  l i n e a r  graph cor responding  t o  t h e  network. 
Submatrices Y Z express  both t h e  VCR and t h e  CR equa t ions .  
{v l  1.. VeI1 . . ,a?) i s  t h e  v a r i a b l e  vec to r  f o r  t h e  edge v o l t a g e s  and 

c u r r e n t s  of t h e  l i n e a r  graph ( e  i s  t h e  t o t a l  number of e l emen t s ) .  

and. E ( s  ) are  t h e  indepenjent  cu r ren t -  and vo l t age -gene ra to r s  

r e s p e c t i v e l y  i n  t h e  network. 
Nason flowgraph [21  

e 
I ( s )  

e; 
e 

Equation (1) can  be r ep resen ted  by a 
[ h ]  t h e  p r o p e r t i e s  of vhich  are  given below. 

1. P r o p e r t i e s  of t h e  Flowyraph 

{v, ... v i i e j  3 i s  r ep resen ted  Each v a r i a b l e  i n  t h e  vector  e 1 ' * *  

by one node. 
v a r i a b l e s " .  There are e vo l t age  nodes ( t o p  row) and e c u r r e n t  nodes 
(bottom row) i n  t h e  flowgra2h. Tire KVL ma t r ix  equa t ion ,  B V ( s )  = 0 ,  

governs t h e  r e l a t i o n s h i p s  betwecn t h e  v o l t a g e  nodes;  and t h e  KCL 
mat r ix  equat ion  Q, I ( s )  = 0,  i n d i c a t e s  t h e  l ' e l a t i o n s  between t h e  c u r r e n t  

nodes. The VCR matrix equat ion  p,ives t h e  ' ' v e r t i c a l "  node - re l a t ions  i n  t h e  
form V = z i ~ i  or I .  = Y v where a t r . ansmi t tance  zi i s  d i r e c t e d  

The sources '  def ined by Mason [2],[4], are t h e  "known 

f e  

f e  

i 1 i i ' 
t o  a vo l t age  node . V * or, s i m i l a r l y ,  Y .  i s  Ii  i '  1 

from a cu r ren t  node 

d i r e c t e d  from t o  I f o r  t h e  l a t t e r .  The CR equat ion  g i v e s  t h e  vi i 
gene ra to r  dependence. Dependence of a dependent gene ra to r  on a 
c o n t r o l l i n g  element ir, t h e  network i s  glven by a t r a n s m i t t a n c e  from t h e  
c o n t r o l l i n g  var iable-node t o  t h e  node of t h e  cont ro l l -ed  element .  The 
g a i n  of t h e  t r ansmi t t ance  i s  t h e  l ' cont ro l -cons tan t ' l .  If a v a r i a b l e  x 
i s  a func t ion  of x - xJ = ai3xi, t h e n  a t r a n s m i t t a n c e  edge i s  

d i r e c t e d  from node x t o  node x * t h e  ga in  a s s o c i a t e d  w i t h  t h e  edge 

i s  a . Thc followirig example w i l l  c l a r i f y  t h e  procedure f o r  ob ta in ing  

t h e  flowgraph. 

3 

i 3 '  
i j  

2 .  &ample of I _- a Flowgranh 

From t h e  equ.ivalent network i n  F ig .  1, t h e  flowgraph i s  t o  be 
obta ined .  Af t e r  t h e  l i n e a r  graph has been found n t r e e  T i s  chosen 
con ta in ing  a l l  t h e  vol tage-genera tors  and p o s s i b l y  some passive elements:  
T = ( 1 , 4 , 7 )  trhere edge is an independent vo l t age -gene ra to r ,  edges 
4 and 7 a r e  p a s s i v e  elements.  The KYL n a t r i x  equa t ion  can now be s t a t e d :  

i 

1 1 0 1 0 0 0  

0 0 1-1 0 0 0 1 
1 r 

i 0 0 0-1 1 0  1 
0 0 0 0 0 1-1 

. 



I n  t h e  Tloi>graph, the choi-4 vol tage  i n  an f - c i r c u i t  i s  expressed i n  
terms of  t h e  brunch v o l t a g e s .  

S i m i l a r l y  t h e  KCL matrix equat ion ,  QfIe(s) = 0,  i s :  
~ 

where f o r  t h e  flowgraph t h e  branch c u r r e n t  i n  a f - c u t s e t  i s  expressed  
i n  terms of t h e  chord c u r r e n t s .  The VCR equa t ions  are: 

(4) 
v4 = Z414 I2 = Y2V2 

v = Z.(17 I3 = Y3V3 7 
I = Y V  

5 5 5  

f o r  branches and chords r e s p e c t i v e l y ,  The co i l t ro l  ( C R )  equa t ion  y i e l d s  : 

The flowgraph f o r  eq.  2,3,4 ardd 5 is  shown i n  F ig .  3. 

The floi.rgraph, usid t'ne l i n e a r  graph are equ iva len t  d e s c r i p t i o n s  
of t h e  same network; i n  t h e  f i r s t  t h e  "dichotomous" c h a r a c t e r  i s  e x p l i c i t ,  
because each element i s  r ep resen ted  wi th  two v a r i a b l e s  Vi and Ii . 
A s o l u t i o n  f o r  t h e  unknown v a r i a b l e s  i n  terms of t h e  known sources  i s  
ob ta ined  by c v d u a t i n g  t h e  flowgraph, 
t h e  ga in  ' G  can be expressed  a s :  

Using Mason's ga in  formula [2] , [4] , ,  

G = xj/xi ( 6 )  
where x i s  t h e  independent source node and x i s  t h e  v a r i a b l e  node as 

shown i n  F ig .  4 .  
j i s  added which i s  d i r e c t e d  from node x t o  node x 

i j 
A c l o s e d  flowgraph [61-[1OI i s  formed, when a t r a n s m i t t a n c e  

(j i s  used as a t agg ing  
parameter  [ l o ]  and j I 

which i s  known as Shannon's ga in  formula [51,[91, where H ( 1 )  i s  t h e  
summatioil of g a i n s  over  a l l  l o o p s e t s  con ta in ing  j ,  and H(o) t h e  summation 
of ga ins  f o r  a l l  l o o p s e t s  devoid of  j .  Using t h e  c losed  flowgraph approach 
all loop  s e t s  can be found by a n  a lgo r i thm [14], which gene ra t e s  t h e  c i r c u i t s  
i n  t h e  Mason graph and t a g s  those  c i r c u i t s  con ta in ing  edge j .  
t h e  c losed  flowgraph from t h e  linear s r ~ p h  ef  net^^^-% ?! t hc  f d l w h g  
a lgo r i thm i s  developed. 

To gene ra t e  

111. PROCFD'JRE FOR OBTAINIKG THE CLOSED FLO'I~GRAI'H BY DIGITAL CONPU'I'ER 

A .  Tne s t e p s  of t h e  procedure a re  

i) 
ii) 

From a given l i n e a r  a c t i v e  network o b t a i n  t h e  equ iva len t  :letwork N . 
Obtain t h e  l i n e a r ,  o r i e n t e d ,  and weighted graph from N 
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iii ) Selcct  ~ 1 1  independent and dependent v o l t a g e  g e n e r a t o r s  as branches 
of t r c e  T wi th  p o s s i b l y  sone p a s s i v e  clcrncnts t o  form a complete 
set  of branches and t h e  c u r r e n t  g e n e r a t o r s  and remaining p a s s i v e  
elements  as chords.  
rules  : 

Then number t h e  edges accord ing  t o  t h e  fo l lowing  

a )  

b )  

c )  

The l i n e a r  graph w i l l  be coded i n  matrix G ,  c a l l e d  t h e  graph ma t r ix ,  
and t h e  a r r a y  A ! J  1 (to be desc r ibed  ir, ( v )  ) , bo th  of trhich 
as d a t a  input  f o r  t h e  computer. 
d e s c r i p t i o n  of G: 

Number a l l  chords f i r s t  i n  asccnciing o r d e r  from 1 up t o  and 
including/CC= e-v+l ; 

Continue t o  number t h e  branches f r o m p + 1  
e ; and 

Number t h e  v nodes of t h e  graph a r b i t r a r i l y .  

up t o  and inc lud ing  

i v )  
used 

The fo l lowing  is  a d e t a i l e d  

where G 
e lements ,  whereas G 

p r o p e r t i e s  of t h e  branch elements of t h e ' p a p h .  

r e p r e s e n t s  t h e  number of  t h e  o r i g i n  node of edge e 

l i n e a r  graph;  entry,  E: 
t h e  o r i e n t a t i o n s  of t?d edges ) .  
belonging t o  edge ei. 

dependent g e n c r a t o r ,  c o n t r o l l e d  by t h e  c u r r e n t  or v o l t a g e  of element e 
i f  g = j ( t h e  s u b s c r i p t  number of e . )  t h e n  element e 

element;  and i f  e; = 0, t h e n  e i s  an  independent gene ra to r .  I n  

row 4,  t h e  nunbers 1,2, ..., e are e n t e r e d ,  r e f e r r i n g  t o  t h e  edges of  
t h e  l i n e a r  graph ,  
determine what kind of  element e i s .  Element e can be any of t h e  

fo l lowing  e i g h t  k inds '  o f  'network elements  e 

i s  of oritqr 6 x p  , and d e s c r i b e s  t h e  p r o p e r t i e s  of t h e  chord 

of  row 1 of G 

(3=1,2,. . . , e )  i n  t h e  

(rows 1 and 2 g ive  

111 i s  of order  6 x r r  (r=v-1) and d e s c r i b e s  t h e  12 
Entry  g 

l j  

J 

i . be t h e  s u b s J r i p t  number 
denotes  t h e  t a r g e t  node of e 

Let 
If e n t r y  Q = i ( r o w  3 )  t h e n  element e i s  a 

35 j 

i s  a pass ive  i '  
3J 3 j 

33 j 

It i s  now shown t h a t  r o m  3 and 4 t o g e t h e r ,  

3 3 

Case I. 

cor responding  t o  edge e i s  conpsred wi th  v where p refers t o  t h e  

l as t  column of G 

Gll. S ince  g3J= 0 ,  e j  i s  an  independent c u r r e n t  gene ra to r .  

Case 11. .If g3 j  = 0 and g4 = j ,  b u t  j > p ,  element e i s  desc r ibed  

i n  G * be ing  ze ro> impl i c s  t h a t  e i s  an independent v o l t a g e  

gene ra to r  

If g3j = 0 and e; = j ,  t hen  t h e  number j i n  t h e  column 43 
3 .  

e l e m e n t ' e  corresponds t o  a column i n  
3 if j L V  , 11 : 

j J 
1 2  ' g3j 3 

i s  i n  G and i s  a p a s s i v e  eJ 11 ' = ;1 and 3 2 u ,  Case 111. 

element w i t h  admit tance Y 
If g3j - - g h j  
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Case XV. i f  = gliJ = j and j > i J  , e i s  desc r ibed  i n  G and i s  a 

pass ive  element wi th  impedance Z The next f o u r  c a s e s  r e l a t e  t h e  

c o n t r o l l e d  gene ra to r  element e t o  t h e  c o n t r o l l i n g  gene ra to r  e 

- 3J j -  12 

9 '  
j i *  

are 
and 

= j ;  and i , j  < 1-1, t h e n  e i Case V.  If e33 = 3.7 G h j  - 

11 ' 3 and e i s  a c u r r e n t  c o n t r o l l e d  c u r r e n t  gene ra to r  desc r ibed  i n  G 

c o n t r o l l e d  by e l ~ m e n t  e (e .g .  I. = B I i ,  where bo th  c u r r e n t s  are 

r e l a t e d  by t h e  c u r r e n t  GainB ) . i j 

= i ,  ghj = J ,  i > 1-1, 

i n  Cll,impPylng thzt e 
j J 

and j 5 p , t h e n  e 

i s  a v o l t a g e  coni,roiieci c u r r e n t  

i s  desc r ibed  If Q3j i 
Case V I .  

i~ G12, E E ~  e 

g e n e r a t o r ,  r e l a t e d  t o  e .  by a t r a n s f e r  admit tance gm: I 

Case V I I .  I f  p;3j = i and g h j  = j ,  but i 5 91 and j > p , t h e n  

i s  a c u r r e n t  c o n t r o l l e d  vo l t age  g e n e r a t o r ,  dependent upon t h e  

c u r r e n t  i n  element e by t h e  t r a n s f e r  impedance Z : V = ZmIi . 
= j and i , j  > 11, bo th  e .  and e are Case V I I I .  If g = i, ghJ 

desc r ibed  i n  G and e i s  a vo l t age  c o n t r o l l e d  v o l t a g e  gene ra to r  

= %Vi . 1 3 

i m J 

3 3j 1 

12 ; *I 
The frequency i "  dependent upon e by t h e  vo l t age  g a i n  "a": V = a V  

i S 
dependence of element e i s  given i n  row 5 .  Entry  Q = 1 (-1) i f  t h e  ' 

weight of  edge e 
5 5J 

i n  t h e  l i n e a r ' g r a p h  has  t h e  form K s  ( K / s )  trhere K i s  S 
t h e  immittance va lue  of element e 
and gene ra t  or s . and g = 0 f o r  r e s i s t i v e  elements  

3 ;  53 

. F i n a l l y ,  row 6 i s  coded according t o  t h e  t y p e  of network func t ion  
d e s i r e d  as desc r ibed  below. 

To o b t a i n  a c u r r e n t  g a i n  (Sec II),l/j=I /I where I i s  t h e  J k7 3 
c u r r e n t  v a r i a b l e  of e I i s  t h e  independent c u r r e n t  source and j i s  

the  edge which closes t h e  Ksson graph, set gGk = -1 and g6 = -1 

i n  row 6 of G. For t h e  t r a n s f e r  f u n c t i o n  l / j  = V . / I k  make EGk = -1 

and g6j  = 1. 

3 '  k 
J 

J 
(VJ i o  t h e  vo l t age  variable of  e ) .  For de termining  

j 
set  g = -1 and g6 = 0 . For t h e  t r a n s f e r  

6k . j 
= 1 and g = -1 ; for v o l t a g e  set  f3Gk 3 k '  

= 1 ; and fo r  t h e  d r i v i n g  
j k' 6 j  

'd = '/j = 'k/Ik, 

6 j  , admi t tance  g a i n ,  1/ j  = 1 /V 
g a i n ,  l . / j  = V /\I 

p o i n t  adni i t tance Y = l/j = Tk/Vk s e t  g = 1 and gr  = 0 . Note t h a t  

accord ing  t o  t h e  e n t r i e s  of row 6 of G ,  t h e  a lgor i thm c l o s e s  t h e  Mason 
graph  w i t h  edge j .  

enter qk = 1 and Q 

d 6k oj 

. 



v.  The a r r a y  A(J) of o rde r  1 x e ,  i s  t h e  inpu t  d a t a  f o r  t h e  elemeat  values 
of  the l i n e a r  graph and t h e  e n t r i e s  correspond t o  t h e  immit tances ,  c o n t r o l  
c o n s t a n t s  and zeros f o r  t h e  independcnt q n e r n t o r s .  

of t h e  graph matrix G and t h e  'j e n t r y  a of  array A ( J $  

a r e  punched i n  one card .  
l i n e a r  graph,  e ca rds  are  punched. 

j 452 j ' The v a l u c s  g 
t1 

J 6 6 ~  
Since one card i s  needed for  each  edge of  t h e  

v i .  F i n a l l y  oae c a r d  i s  punched t o  c n t e r  t h e  va lues  of  e and v ( i . e .  t h e  
numbers of edges and v e r t i c e s )  of t h e  l i n e a r  graph.  The a lgo r i thm notr 
gene ra t e s  t h e  c losed  flow graph from t h e  d.ata o f  t h e  e+-1 c a r d s .  

B .  T ie  c l o s e d  floxrgraph r ep resen ted  by A Gn and I? . rn' -, I- 

a >  Matrix A i s  de f ined  as t h e  flowgraph inc idence  m a t r i x ,  m m 

f '  . of o rde r  2e x e 

and e 

v o l t a g e  nodes sum t o  "2e" nodes) .  Ent ry  a = 1(-1) i f  edge e i s  

i n c i d e n t  a t  node i of t h e  flolvgraph and o r i e n t e d  away from ( to t ra rd)  i; 

where e i s  t h e  number of edges of t h e  l i n e a r  graph 

i s  t h e  number of  edges i n  t h e  flowgraph ( e  c u r r e n t  nodes and e f 

i j  J 

and a = 0 i f  e i s  not  i nc iden t -  at node i. A i s  given by i J  J m 

- % -  

I 

I 
I 
I 
I 
1 
I 

0 

_-  - --- 
I 
I 

22 I 
Am I 

V 

I 
I 
I 

I 
I 
I 

I 

I 
I 
I 

I 
I 

C 

I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 

- 

I J  

1 %  - 

( 9 )  

Here s u b n a t r i x  A 

t h e  flowgraph c u r r e n t  nodes) ( s e e  s e c t i o n  I1 ),  A t o  t h e  KVL 

equat ion  (nodes of A 

V and C g i v e  t h e  int ,er-nodal  r e l a t i o n s h i p  of both  t h e  VCR and CR 
equat ions .  J i s  t h e  l a s t  column of A and r e p r e s e n t s  t h e  edge j by 

which t h e  Mason graph i s  c losed .  

corresponds t o  t h e  KCL equat ion  (nodes of A are 
11 m 11 m 

22 m 

correspond t o  t h e  v o l t a g e  nodes) and m a t r i c e s  
22 m 

m 

b) Matrix G as def ined  by 

G 

n 

n n 01 n n G. = [ G  G 
11 12 13 

t h e  ga ins  of t h o s e  edges of t h e  flowgraph corresponding t o  t h e  columns _. 



. .  
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. T'ne e n t r i e s  of G are t h e  values of t h e  n 
13 

i r m i t t a n c e s  and control.  cons t an t s  Tor t h e  edges corresponding t o  t h e  
columns of su'brnstriccs V and C .  
J .  

Tiie l as t  c n t r y  of G i s  ze ro  f o r  edge n 

c )  I k t r i x  F as de f ined  by 

F = . [ O  0 F 03 (11) r 

The columns of F correspond t o  t h o s e  of Am . F f *  i s  of o rde r  1 x ,  e 

g i v e s  t h e  frequency dependence as obta ined  from row 5 of  G ,  where t h e  
non-zero entr j -es  appear only  in Fi-, s i n c e  edge ;I and t h e  edges of A 

and A 
11 In 

are not  f requency dependent. Tne KCL matrix equat ion  can be 
22 m 

(12) 

where t h e  columns of Q 

The a lgor i thm f i n d s  Q Every e n t r y  of Q 

becomes 8n edge betveen c u r r e n t  nodes ( to t iom row) of t h e  flowgraph 

correspond t o  t h e  chords of  t h e  chosen t r e e  T. 
11 

f r o x  t h e  graph xiiatrix G .  
11 11 

Thus A i s  ob ta ined  from Q and corresponds 
11 fll m 

t o  t h e  KCL equat ion  r e l a t i n g  t h e  The 
g a i n s  91, (-1) a s s o c i a t e d  wi th  t h e  edges corresponding t o  t h e  columns 
of Am are en te red  i n t o  G , for  -1, (+l) e n t r i e s  of Q, . The KVL 

c u r r e n t  nodes of t h e  flowgraph. 

11 5 1  n 11 
matrix equat ion  can be w r i t t e n  as B V ( s )  = [U B ]V ( s )  = 0 ,  where 

f e  f,, e 
I d  

t h e  column order of B i s  t h e  sane as t h a t  of Q so  t h a t  t h e  columns of f f 
correspond t o  t h e  br.&nches,of T .  Since  it i s  w e l l  known [1],[2] 

Bf12 

11 "12 

it fol lows t h a t  

A = -A 
11 m 22 m 

and 
G = -G 

11 n 12 n 

I 
i 

- 1  

Q i s  genera ted  from t h e  f i r s t  two rows of G. 

G ,  t h e  algori.thm gene ra t e s  submatr ices  V and C of A 

From rows 3 and 4 of 
f ,  7 
L A  

(as o u t l i n e d  i n  m 
. 111- i v ) .  During t h i s  s t a g e  i n  t h e  a lgor i thm t h e  g a i n s  and frequency 

. 



t a g s  of array A ( j )  and row 5 of G a r e  transferred t o  t h e  proper p o s i t i o n s  
i n  G and F r e s p e c t i v e l y .  F i n a l l y ,  from rov  6 of G a r e  dc-termined 

t h e  p o s i t i o n s  of t h e  ''-1-1'' and "-1" of edge j i n  t h e  l u s t  coliunn of A 

Mat r ices  A G and F completely d-escr ibe t h e  c l o s e d  flowgraph. The 

fo l lowing  exa rq le  w i l l  c l a r i f y  t h e  a lgor i thm.  

r 
13. 

n 

. m 
m' n 

I V .  EXAMPLE OF GEXZRATION OF A Gn and F 
in ' 

Given t h e  l i n e a r  a c t i v e  network N (F ig .  56) v /v. i s  t o  be  eva lua ted  
0 1  

by f irst  o b t a i n i n g  a closed florrgraph, by t h e  follor.ring s t e p s  : 

-- S t e D  1: Obtain t h e  equ iva len t  network (F ig .  5b) 
Step 2: Obtain t h e  l i n e a r  graph (F ig .  5c)  

S t c p  3: S e l e c t  a t r e e  T and number t h e  edges of t h e  graph fo l lowing  
t h e  procedure o u t l i n e d  p rev ious ly  

S t e p  4:  Obtain t h e  graph mat r ix  G and a r r a y  A (  j ) and p r i n t  t h e i r  v a l u e s  
i n  t h e  e i npu t  c a r d s .  
e and nodes v .  

Use one ca rd  t o  e n t e r  t h e  number of edges 

from which m a t r i c e s  Am, , A , G , and G are determined. 

S t e p  6: Subxa t r i ces  V , C ,  G and F a r e ' g e n e r a t e d  nex t .  

S t e p  7: 

12 n n 22 11 

n r 13 
I n  t h e  l a s t  column of A t h e  inc idence  of edge j i s  dc f ined .  

m 11 

m 
Matr ices  A Gn, and F are g iven  as follows: m' 

G =  

S t e p  5 :  Qf i s  gene ra t ed :  
11 

Qf 

and A ( j >  = [Ylb Y30 Z Z 1 5 6  
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A =  

1 2 3 4 5 6  7 0 g 1 . 0 1 1 1 2  
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G =  [ 1 1 1-1-1 1:-1-1-1 1 1 -1 n 

- 
-1 1 i 

I -1 I 

-1 
I 
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1 I 

-1 
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I 
I 
' 1  I . .  

F =  [ 0 0 I .  I 0 ! 03 

and t h e  corresponding flowgraph i s  sho~m i n  F i g .  6 .  
o f  t h e  flowgraph i s  equal  tw ice  e ,  o r  t w i c e  t h e  nwzber. of edges of  t h e  
l i n e a r  graph. 

The number of nodes 

The number of edges i n  t h e  flowgraph i s  equal  t o :  

f e = 2q+d+p+l, where q i s  t h e  nufiber of e n t r i e s  i n  Q f 
d i s  t h e  number of dependent g e n e r a t o r s ,  
p i s  t h e  nwliber of p a s s i v e  elements 
1 corresponds t o  ' j , t h e  "unknovn" . 

V. CONCLUSIONS 

For t h e  g e n e r a t i o n  of a c losed  f lovgraph  n conc i se  a lgor i thm h a s  
been developed. The method presented  i s  s impler  t h m  t h e  nethod d e s c r i b e d  
i n  t h e  l i t e r a tu re  [6]-[ lo], by us ing  a s impler  coded input  and by making 
use of t h e  d u a l i t y  e x i s t i n g  between f - c u t s e t s  and f - c i r c u i t  s e t s  of 
t h e  graph. 
t h e  a lgor i thm of Dunn end Chan [ 141,  which e v a l u a t e s  t h e  c losed  flow- 
graph ,  s i n c e  t h i s  a lgo r i thm uses  t h e  non-oriented f lougraph  inc idence  
mat r ix  A . A l t e r n a t i v e  eva lua t ions  of  t h e  c l o s e d  f lovgraph  can be 
obtainccimby t h e  procedure  of Happ e t  a1 [6]-[lO] or p o s s i b l y  by u s i n g  
t h e  connect ion mat r ix  C as o u t l i n e d  by Seshu, Hohn, and Aufenkamp [ 1 5 ] .  
A p rogrm ( F o r t r a n  I V )  has  been w r i t t e n  fo r  t h e  I R N  360 system, which 
gene ra t e s  t h e  flowgraph as descr ibed .  

The method provides  a l l  i n f o r n a t i o n  necessary t o  implement 

r 1 7 0 c- -I... 
L A j  
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Fig .  1 Quiva len t  nc t t rork  N - 


